Western University

Scholarship@Western
Brain and Mind Institute Researchers'
Publications

Brain and Mind Institute

1-7-2019

Stable Delay Period Representations in the Posterior Parietal
Cortex Facilitate Working-Memory-Guided Obstacle Negotiation
Carmen Wong
Western University

Stephen G. Lomber
Western University, steve.lomber@uwo.ca

Follow this and additional works at: https://ir.lib.uwo.ca/brainpub

Citation of this paper:
Wong, Carmen and Lomber, Stephen G., "Stable Delay Period Representations in the Posterior Parietal
Cortex Facilitate Working-Memory-Guided Obstacle Negotiation" (2019). Brain and Mind Institute
Researchers' Publications. 1156.
https://ir.lib.uwo.ca/brainpub/1156

Article

Stable Delay Period Representations in the Posterior
Parietal Cortex Facilitate Working-Memory-Guided
Obstacle Negotiation
Highlights
d

Parietal cortex activity is modulated when hindleg obstacle
clearance is delayed

d

Information about the obstacle and foreleg clearance is
stored in working memory

d

This information is recalled later in the delay to guide hindleg
clearance

d

Sustained delay period activity maintains this information
stably in working memory

Wong & Lomber, 2019, Current Biology 29, 70–80
January 7, 2019 ª 2018 Elsevier Ltd.
https://doi.org/10.1016/j.cub.2018.11.021

Authors
Carmen Wong, Stephen G. Lomber

Correspondence
steve.lomber@uwo.ca

In Brief
Wong and Lomber characterize the
neural correlates of working memory
involved in quadrupedal obstacle
locomotion. When obstacle clearance is
delayed, neurons within parietal area 5 of
the cat retain obstacle-related
information in order to guide hindleg
stepping over the remembered obstacle
once walking resumes.
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SUMMARY

In complex environments, information about surrounding obstacles is stored in working memory
(WM) and used to coordinate appropriate movements for avoidance. In quadrupeds, this WM system
is particularly important for guiding hindleg stepping,
as an animal can no longer see the obstacle
underneath the body following foreleg clearance.
Such obstacle WM involves the posterior parietal
cortex (PPC), as deactivation of area 5 incurs WM
deficits, precluding successful avoidance. However,
the neural underpinnings of this involvement remain
undefined. To reveal the neural substrates of this
behavior, microelectrode arrays were implanted to
record neuronal activity in area 5 during an obstacle
WM task in cats. Early in the WM delay, neurons were
modulated generally by obstacle presence or more
specifically in relation to foreleg step height. Thus, information about the obstacle or about foreleg clearance can be retained in WM. In a separate set of neurons, this information was recalled later in the delay in
order to plan subsequent hindleg stepping. Such
early and late delay period signals were temporally
bridged by neurons exhibiting obstacle-modulated
activity sustained throughout the delay. These neurons represented a specialized subset of all recorded
neurons, which maintained stable information coding across the WM delay. Ultimately, these various
patterns of task-related modulation enable stable
representations of obstacle-related information
within the PPC to support successful WM-guided
obstacle negotiation in the cat.
INTRODUCTION
The extraordinary capabilities of locomotor control systems are
illustrated by the ability of animals to traverse complex environments without much conscious effort. Sensory information
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obtained about surrounding obstacles can be used to modify
stepping in a feedforward manner [1–3], allowing, for example,
mountain goats to scale precarious rocky ledges while grazing
or humans to walk through busy crowds without colliding into
other people or objects. This relative ease of obstacle locomotor
behaviors is facilitated by the ability to store information about an
obstacle in working memory (WM) that can be used to coordinate the appropriate movements for avoidance. In quadrupedal
animals, obstacle WM is especially important for ensuring hindlimb clearance, as the animal can no longer see the obstacle
once it has passed under the body. Instead, an internal representation of the obstacle maintained in WM is used to guide hindleg
stepping [4–6].
This WM system has been studied using an experimental
paradigm [4] that leverages naturalistic behaviors whereby
quadrupedal animals may delay obstacle clearance between
their legs as they graze, explore new terrain, or track prey in complex environments. In this paradigm, food is used to encourage
cats to walk toward and step over an obstacle with their forelegs.
Obstacle clearance is then delayed as the animals eat. When
walking resumes, elevated hindleg stepping observed even after
delays tested up to 10 min demonstrates a robust, long-lasting
WM of the obstacle used to guide hindleg clearance. We previously used cooling-induced cortical deactivations [7, 8] to
demonstrate the role of the posterior parietal cortex (PPC) in
this WM-guided behavior [9, 10]. When deactivations are temporally restricted to the delay during which obstacle information
must be retained, WM deficits precluding successful obstacle
avoidance implicates parietal area 5 in WM maintenance.
However, the neural underpinnings of this WM contribution
remain unclear.
Proposed neural correlates of WM maintenance were first
described in macaque prefrontal neurons that demonstrated
elevated activity sustained throughout the delay period of a
WM task in the absence of a visual cue [11, 12]. Such persistent
delay activity thought to represent the retention of relevant sensory cues and or movement plans have been described in
numerous prefrontal [13–15] and parietal [16–18] areas. However, such sustained delay period activity need not be relevant
or necessary for WM [19–21]. Additionally, the activity of individual neurons [22] or entire recording populations [23] can be
highly dynamic rather than stable throughout a WM delay [24].

Figure 1. Experimental Task and Microelectrode Array Placement in Parietal Area 5
(A) Schematic depicting an obstacle-present trial
where each animal would approach and step over
an obstacle with its forelegs. Forward locomotion
was then delayed, during which the obstacle was
covertly removed before walking continued. Hindleg
step height was measured and compared to stepping observed in obstacle-absent trials to assess
working memory.
(B) Bar plots depicting mean step height ± SEM for
foreleg and hindleg steps in approach and continuation phases. Relative to obstacle-absent trials,
foreleg and hindleg stepping was significantly
elevated during obstacle-present approach and
continuation, respectively.
(C) Lateral view of the cat cerebrum depicting right parietal area 5 in green with the array placement indicated in white. Black rectangle outlines location of image
in (D). A, anterior; D, dorsal.
(D) Photograph taken during surgical implantation depicting the placement of the floating microelectrode array relative to the ansate and lateral sulci indicated in
dashed lines. Black horizontal scale bar represents 3 mm.
See also Figures S1 and S2.

Such phasic, rather than persistent, modulation occurring
momentarily throughout a delay may be important for information encoding and movement planning in WM tasks [25, 26].
As WM is typically examined in explicitly instructed, movement-restricted testing paradigms, the applicability of these
WM concepts in more naturalistic multi-effector behaviors,
such as obstacle locomotion, warrants further investigation.
Although a single study has reported individual neurons exhibiting sustained delay period activation that may serve as a WM
correlate of obstacle-related information [27], the potential for
more dynamic coding on the single neuron and population level
has yet to be examined. Furthermore, the specificity and extent
of these neural contributions to WM-guided obstacle locomotion
require further investigation.
Therefore, in the present study, microelectrode arrays were
implanted in the same region of parietal area 5 that elicits WM
deficits when deactivated. The purpose of this work was to
determine whether WM-guided obstacle negotiation modulates
neural activity in parietal area 5 of the cat. Specifically, we aimed
to investigate whether area 5 neurons demonstrate the classic
WM property of sustained delay activity or instead exhibit phasic
delay period modulation. Furthermore, we assessed whether the
observed modulation was related to motor output by examining
stepping flanking the delay period. The specificity of this
WM-related activity was examined by varying the position of
the obstacle during the delay and the sensory modality through
which obstacle information was obtained during the approach.
Finally, the ability of neurons to discriminate between obstacle
conditions throughout a trial was assessed to examine population level coding and dynamicism.
RESULTS
Modulated PPC Activity during WM-Guided Obstacle
Negotiation
Neural activity was recorded from parietal area 5 of two cats
during obstructed and unobstructed locomotion. To examine
WM-guided obstacle avoidance, each trial was composed of
three phases: the approach; delay; and continuation. As foreleg

obstacle clearance is essential for establishing a robust WM of
the obstacle [5], the initial approach phase of obstacle-present
(OP) trials consisted of the animals stepping over the obstacle
with only their forelegs (Figure 1A). Hindleg clearance was then
delayed. During this time, the obstacle was covertly removed
from the walkway before locomotion resumed. In comparison
to obstacle-absent trials (OA), elevated hindleg stepping
observed during OP continuation demonstrated the ability of animals to remember the obstacle over which the forelegs stepped
(Figure 1B) [4, 8, 9].
To assess the neural correlates of this behavior, 32-channel
floating microelectrode arrays (electrode lengths: 0.9–1.5 mm)
were chronically implanted in the same region of area 5 that,
when deactivated, elicits WM deficits (Figures 1C and 1D)
[9, 10, 28]. One array was placed in area 5 of each hemisphere
for both animals. Neural activity was recorded from one array
at a time as animals performed the WM task. A total of 810 units
were obtained, and the number of units recorded from electrodes of each length did not differ between lengths (p = 0.47;
Figure S1A).
For each unit, a two-factor ANOVA was used to assess the
effects of the obstacle (present or absent) and phase of the trial
(approach, delay, and continuation) on mean firing rate (Figure S2). Most neurons (672/810) demonstrated task-related activity, with significant effects of trial phase, obstacle condition,
or phase 3 obstacle interactions. Among them, a total of 349/
810 units were significantly modulated by trial phase (Figure S2A),
and 197/810 units were modulated by the presence of the
obstacle (Figure S2C). Additionally, 132/810 units demonstrated
significant effects of both obstacle and trial phase (Figure S2E).
Significant obstacle 3 phase interaction effects were present
for 258/810 units. Neural activity of each of these units was subsequently compared between obstacle conditions for each of the
three phases (Figures S2G–S2I). Note that a unit could differ between obstacle conditions for one, two, or all phases (Figure S2J).
Sustained Delay Period Obstacle Modulation
Delay period activity was further examined in the 258 units with
significant interaction effects. Within the population, 12% of
Current Biology 29, 70–80, January 7, 2019 71

Figure 2. Sustained Obstacle-Modulated Activity throughout the Delay of an Obstacle Working Memory Task
(A) The activity of 99 units was modulated by the obstacle throughout the delay period.
(B) Within this group of neurons with obstacle-modulated activity sustained throughout the delay, 37% of neurons demonstrated delay period activity correlated
with step height.
(C) Delay period activity correlated with hindleg stepping was more prevalent than with foreleg stepping.
(D–G) Example unit with elevated activity during the approach and delay phases of obstacle-present (OP) trials relative to the obstacle-absent (OA) condition.
(D) Bar plot depicting mean firing rates ± SEM for the approach, delay, and continuation phases of OP (blue) and OA (green) conditions. ***p < 0.0001.
(E and F) In raster plots (E) and spike density functions (F) of unit activity aligned to delay starts at t = 0 s, neural activity was elevated throughout the approach and
delays of OP trials relative to OA trials. The offset of OP delay activity was tightly coupled to delay ends, indicated by red vertical lines in raster plots, across delays
of various durations. Trials are ranked ordered according to delay duration.
(G) Delay period activity was not correlated with step height of the leading or trailing forelegs (FL) or the leading or trailing hindlegs (HL).
See also Figure S1.

units (99/810), recorded from electrodes of each length (Figure S1B), were modulated by the obstacle throughout the delay
period (Figure 2A). The delay activity of 37% (37/99) of these neurons was correlated with step height (Figure 2B). Specifically,
delay activity of 13% (13/99) and 12% (12/99) of obstacle-modulated neurons was correlated with leading and trailing foreleg
step height, respectively (Figure 2C). Delay activity was also
correlated with leading and trailing hindleg stepping in 18%
(18/99) and 16% (16/99) of these neurons, respectively. However, the majority of delay period modulation lacked such movement-correlated responses, instead simply signaling whether
the obstacle was present or absent.
For example, the neuron depicted in Figures 2D–2G exhibited
elevated activity during the approach (28.2 ± 0.7 Hz) and delay
(24.2 ± 0.6 Hz) of OP trials, relative to the OA condition
(approach: 16.2 ± 1.0 Hz, p = 7.2 3 10 19; delay: 14.9 ±
0.8 Hz, p = 1.2 3 10 17). Comparisons of OP and OA rasters
with activity aligned to delay starts demonstrate elevated activity
sustained throughout the OP delay (Figure 2E). The offset of this
elevated activity was tightly coupled to delay ends (red vertical
lines) across trials of various durations (see also Figure 2F).
Such elevated activity persisting throughout a delay preceding
a WM-guided action represents a characteristic hallmark associated with WM maintenance [11, 12]. For this neuron, delay activ72 Current Biology 29, 70–80, January 7, 2019

ity was not significantly correlated with step height of any of the
legs (Figure 2G).
Phasic Delay Period Modulation Represents WM
Encoding or Recall
In addition to sustained activation persisting throughout a WM
delay, recent studies of WM-guided behaviors have reported
phasic delay period activation [25, 26]. Modulated activity peaking early during a WM delay is presumed to represent sensory
encoding of task-relevant information, and modulated activity
peaking later in the delay is thought to be motor related and
important for preparing the upcoming action.
Thus, early and late delay period activity was compared between OP and OA trials during the first and last seconds of the
delay, respectively. The activity of 114/810 units was modulated
by obstacle presence selectively during the first second of the
delay (Figure 3A); these units did not demonstrate sustained
delay period obstacle modulation. These units were recorded
from most electrodes across the arrays (Figure 3A), in equal proportions from electrodes of each length (Figure S1C). Early delay
period activity of 28% (32/114) of these neurons was correlated
with step height (Figure 3B). Specifically, early delay activity
was correlated with leading and trailing foreleg stepping in
12% (14/114) and 18% (20/114) of units, respectively (Figure 3C).

Figure 3. Phasic Obstacle-Modulated Activity Restricted to the Early Delay Period
(A) The activity of 114 units was modulated by the
obstacle only during the first second of the delay.
(B) Of these early delay modulated neurons, 28%
demonstrated early delay period activity correlated
with step height.
(C) Early delay period activity correlated with foreleg
stepping was more prevalent than with hindleg
stepping.
(D–F) Example unit with elevated activity specifically
during the early delay.
(D) Spike density functions of unit activity relative to
delay starts (left) and ends (right) in obstacle present
(OP; blue) and obstacle absent (OA; green) conditions.
(E) Bar plots depicting mean firing rate ± SEM for the first and last seconds of OP and OA delays. ***p < 0.0001.
(F) Scatterplots depicting early delay period firing rates significantly correlated with leading foreleg step height (r = 0.40; **p = 0.0008). Early delay period activity
was not correlated with stepping of the other legs.
See also Figure S1.

In contrast, early delay activity was correlated with leading and
trailing hindleg stepping in only 4% (4/114) and 7% (8/114)
of neurons, respectively. However, the majority of early delay
obstacle modulation was not correlated with step height, instead
signaling the general presence of the obstacle. For example, the
neuron depicted in Figures 3D–3F demonstrated elevated activity during the early, but not late, OP delay period (p = 2.3 3 10 5).
Mean firing rates were reduced from 11.7 ± 1.2 Hz in the early OP
delay to 6.4 ± 0.8 Hz in the late OP delay. In contrast, mean firing
rates were stable in OA trials, at 5.2 ± 0.6 Hz in the early delay and
4.5 ± 0.8 Hz in the late delay. For this neuron, early OP delay activity was significantly correlated with leading foreleg step height
(r = 0.40; p = 0.0008; Figure 3F).
Additionally, 100 neurons were obstacle modulated selectively
during the last second of the delay; these units did not demonstrate sustained delay period obstacle modulation. These units
were recorded across most array electrodes (Figure 4A) from
electrodes of each length (Figure S1D). Late-delay activity of
29% (29/100) of these neurons was correlated with step height
(Figure 4B). Specifically, late-delay activity was correlated with
leading and trailing foreleg stepping in 13% (13/100) and 6%
(6/100) of units, respectively (Figure 4C). Additionally, late-delay
activity was correlated with leading and trailing hindleg step
height in 14% (14/100) and 4% (4/100) of neurons, respectively.
However, the majority of late-delay period modulation was not
correlated with step height, instead signaling the general presence of the obstacle. For example, OP delay activity of the
neuron depicted in Figures 4D–4F was elevated during the late,
but not early, period (p = 0.021). Mean firing rates increased
from 10.7 ± 0.9 Hz in the early delay to 17.3 ± 0.9 Hz in the late
delay. In contrast, mean firing rates were stable in OA trials, at
13.3 ± 1.3 Hz and 13.9 ± 1.1 Hz in early and late periods, respectively. For this neuron, late OP delay activity was significantly
correlated with leading (r = 0.22; p = 0.010; Figure 4F) and trailing
(r = 0.18; p = 0.037) hindleg stepping.
Delay Period Activity Can Signal Obstacle Clearance
Progress
To investigate the specificity of obstacle-modulated activity, we
examined a variation of the OP condition. Forward locomotion
was interrupted after the forelegs and one of the hindlegs cleared

the obstacle, such that the obstacle was straddled between the
hindlegs during the delay (OP-HH trials; Figure 5A). Neural activity during OP-HH trials was compared to OA trials, as well as the
original OP condition where the obstacle was straddled between
the forelegs and hindlegs during the delay (OP-FH). A total of 404
units were recorded during sessions where all three trial types
were performed.
Delay activity was examined in 234 units that demonstrated
significant interaction effects between trial phase and obstacle
condition. Relative to OA trials, the activity of 31% (73/234) of
these units differed during the OP-HH delay (Figure 5B, yellow).
Additionally, 43% (100/234) of units differed between the two OP
conditions during the delay (Figure 5B, blue). Within these two
groups, the activity of 36 units differed selectively for HH trials
relative to both FH and OA conditions (Figure 5B, green overlapping wedge). For example, the neuron depicted in Figures 5C–5E
demonstrated elevated delay activity for HH trials relative to the
other two conditions. The mean firing rate during HH delays was
27.0 ± 1.3 Hz, which was significantly higher than in both FH
(14.5 ± 0.6 Hz; p = 9.6 3 10 10) and OA (13.3 ± 0.4 Hz;
p = 9.6 3 10 10) delays (Figure 5D). Furthermore, HH delay
period activity was significantly correlated with step height of
the trailing foreleg (r = 0.52; ***p = 2.2 3 10 6; Figure 5E) and
leading hindleg (r = 0.42; **p = 0.0003). Note that this delay activity was subsequently attenuated in continuation, and the activity
during FH trials peaked during this final phase (Figure 5C). Thus,
this neuron responded to the coordinated passage of the leading
and trailing hindlegs over the obstacle, evident in the continuation phase of FH trials. Such activity was sustained when trailing
hindleg clearance was interrupted during HH delays.
In contrast, 8/234 neurons demonstrated similar delay period
modulation in both FH or HH trials (Figure 5B, orange overlapping wedge). These units were therefore modulated by obstacle
presence regardless of where the obstacle was relative to the
body or progress of clearance during the delay. Additionally, a
small subset of neurons differed between all three conditions
(n = 16; Figure 5B, central overlapping wedge). For example,
the neuron depicted in Figures 5F–5H demonstrated elevated
activity for both types of OP trials relative to the OA condition.
However, delay activity was significantly higher in HH than FH
trials (p = 2.9 3 10 9). Interestingly, HH delay activity was then
Current Biology 29, 70–80, January 7, 2019 73

Figure 4. Phasic Obstacle-Modulated Activity Restricted to the Late Delay Period
(A) The activity of 150 units was modulated by the
obstacle only during the last second of the delay.
(B) Of these late delay modulated neurons, 29%
demonstrated late delay period activity correlated
with step height.
(C) Late delay period activity correlated with leading
limb steps was more prevalent than with trailing limb
steps.
(D–F) Example unit with elevated activity specifically
during the late delay.
(D) Spike density functions of unit activity relative to
delay starts (left) and ends (right) in OP and OA
conditions.
(E) Bar plots depicting mean firing rate ± SEM for the
first and last seconds of OP and OA delays (*p < 0.05).
(F) Scatterplots depicting late delay period firing rates correlated with leading (r = 0.22; *p = 0.010) and trailing (r = 0.18; *p = 0.037) hindleg step height. Late delay
period was not correlated with stepping of the forelegs.
See also Figures S1 and S3.

attenuated in continuation, although FH activity continued to increase, peaking later in this final phase. Therefore, this neuron
increased its activity with the clearance of each additional leg,
returning only to baseline once the trailing hindleg initiated its
clearing step. Thus, although some area 5 neurons signal the
passage of a particular limb or coordinated pair of limbs over
an obstacle (Figures 5C–5E), other neurons may monitor the
overall progress of clearance to ensure complete and successful
obstacle avoidance (Figures 5F–5H).
Sensory-Specific Obstacle Modulation Was Attenuated
across the Delay
Previous studies suggest that area 5 contributes similarly to WM
for both visually dependent and visually independent (tactilemediated) obstacle locomotion [9]. Therefore, neural activity
was subsequently compared between visual and tactile obstacle
memory tasks to assess the sensory specificity of obstacle modulation. In tactile obstacle present (TOP) trials, each animal
approached the food in the absence of the obstacle (lowered;
Figure 6A). The obstacle was then raised onto the walkway
directly beneath the food to prevent any visual input of the
obstacle. When the food was advanced, the animal inevitably
tripped over the unexpected obstacle. Thus, tactile input to the
forelegs, independent of any visual input, informed the animal
about the presence of the obstacle. Hindleg clearance was
then delayed in a similar manner to the visual obstacle present
(VOP) condition (Figure 1A) before walking resumed.
A total of 265 units were recorded during sessions assessing
sensory specificity. Relative to OA trials, the activity of 14%
(37/265) of units differed during the delay of tactile trials (Figure 6B, yellow). Additionally, 9% (23/265) of units differed
between visual and tactile OP conditions during the delay (Figure 6B, blue). Within these two groups, the activity of 5 units
differed selectively for TOP trials (Figure 6B, green overlapping
wedge). For example, the neuron depicted in Figure 6C demonstrated elevated activity throughout TOP delays relative to the
other conditions. This neuron represented one of the few units
(2%; 5/265) modulated specifically when the animal tripped
over the obstacle without seeing it. In contrast, 8% (22/265) of
units were similarly modulated by the obstacle across visual
74 Current Biology 29, 70–80, January 7, 2019

and tactile trials (Figure 6B, orange overlapping wedge). For
example, the neuron depicted in Figure 6D exhibited similar activity in VOP and TOP delays that was elevated in comparison
to the OA condition. Such sensory non-specific modulation
signaled obstacle presence regardless of whether the obstacle
was first seen or felt.
Further examination of early- and late-delay activity revealed
dynamic, phasic modulatory patterns. Overall, the total proportion of units significantly modulated by obstacle condition was
reduced from 35% (93/265) to 25% (65/265) from the early to
late delay. However, the percentage of neurons comprising
each of the three major groups of modulation depicted in Figure 6B varied. The proportion of units that differed between
VOP and OA trials increased by 5% (from 67/93 to 50/65; Figure 6E, red). The proportion of units that differed between TOP
and OA trials was attenuated by 7% (from 44/93 to 26/65; Figure 6E, yellow). In contrast, the proportion of units that differed
between VOP and TOP trials was markedly reduced by 14%
(from 26/93 to 9/65; Figure 6E, blue), resulting in very few units
capable of differentiating between sensory conditions by the
late delay.
Stable Obstacle WM Coding Restricted to a Subset of
Area 5 Neurons
To assess population level recruitment for obstacle WM, a multivariate analysis method [23, 24] was used to examine neural activity recorded during the first comparison of OP and OA trials
(Figure 7). All OP and OA trials were randomly assigned to one
of two independent splits (A or B). For each neuron, the difference in mean firing rates between obstacle conditions was
computed within each split. The correlation of differences
between splits provided a measure of the ability of recorded
neurons to discriminate between obstacle conditions. For all
recorded neurons, discriminability was significantly elevated
throughout the approach (Figure 7Ai). In contrast, the ability to
distinguish between obstacle conditions was sporadic during
the early delay (Figure 7Ai) and essentially absent in the late
delay (Figure 7Aii). Robust discriminability was restored in
the final continuation phase. In contrast, for the subset of
neurons demonstrating sustained delay period modulation,

Figure 5. Posterior Parietal Cortex May Monitor the Progress of Obstacle Clearance
(A) Schematic depicting an obstacle-present hindleg-hindleg (HH) trial where obstacle clearance was delayed between passage of the two hindlegs over the
obstacle.
(B) Diagram depicting the number of units that differed between the three obstacle conditions during the delay.
(C–E) Example neuron representing one of 36 units in (B) (overlapping green wedge).
(C) Spike density functions of unit activity relative to delay starts (left) and ends (right) demonstrating elevated activity for HH trials (orange) relative to the FH (blue)
and OA (green) conditions.
(D) Bar plots depicting mean firing rate ± SEM for the approach, delay, and continuation phases of FH, HH, and OA trials.
(E) Delay period activity during HH trials was significantly correlated with step height of the trailing foreleg (r = 0.52; ***p = 2.2 3 10 6) and leading hindleg
(r = 0.42; **p = 0.0003). Note that this delay period activity was attenuated in the continuation phase, and the activity during FH trials peaked during this final phase.
(F–H) Example neuron representing one of 16 units in (B) (central overlapping wedge).
(F) Spike density functions of unit activity demonstrating elevated activity during the delay of both types of obstacle present trials relative to the OA condition.
(G) Bar plots depicting mean firing rate ± SEM for the approach, delay, and continuation phases of FH, HH, and OA trials. Delay period activity was significantly
higher in HH than FH trials. Note HH delay activity was then attenuated in the continuation phase, and FH activity continued to increase, peaking later in
continuation.
(H) Delay period activity during FH trials was significantly correlated with step height of only the trailing foreleg (r = 0.28; **p = 0.004). HH delay period activity was
not correlated to step height of any leg.

discriminability was significantly elevated during all phases (Figures 7Bi and 7Bii).
Dynamicism was subsequently examined by correlating firing
rate differences between obstacle conditions at each time point
with the difference in firing rate at every time point. Such analysis

of cross-temporal discriminability provides a measure of how
dynamic or stationary a neural representation is, as significant
off-diagonal reduction from on-diagonal values indicates optimal
discriminability only between neighboring time points—thus
demonstrating dynamic population coding across time [23].
Current Biology 29, 70–80, January 7, 2019 75

Figure 6. Sensory-Modality-Specific and Non-specific Obstacle Modulation in Cat Area 5
(A) Schematic depicting a tactile obstacle present (TOP) trial where the obstacle was raised covertly onto the walkway during the approach. This resulted in the
forelegs tripping over the unexpected obstacle. Hindleg obstacle clearance was then delayed in a similar manner to Figure 1A.
(B) Diagram depicting the number of units that differed between the three obstacle conditions during the delay.
(C) Example neuron representing one of 5 units in (B) (green overlapping wedge) that exhibited elevated delay period activity for TOP trials relative to both VOP and
OA conditions, demonstrating modulation specifically when the animal tripped over the obstacle without seeing it.
(D) Example neuron representing one of 22 units in (B) (orange overlapping wedge) that exhibited similar delay activity in VOP and TOP trials, demonstrating
non-specific modulation regardless of whether the obstacle was first seen or felt.
(E) The number of units modulated by the different obstacle conditions during the early-delay period differed by the late-delay period, such that there were very
few units differentially modulated by the visual and tactile conditions by the end of the delay. Colors correspond to groupings in (B).

Within the total recording population, significant off-diagonal
reduction was observed during approach (Figure 7Av) and
continuation only (Figure 7Avi). This pattern was also evident
within the subpopulation of delay-modulated neurons. Therefore, obstacle-related information coding during approach and
continuation phases was supported by dynamic population level
activity. In contrast, obstacle-related information was reliably
discriminable throughout the delay in only a small subset of
area 5 neurons capable of maintaining stable representations
of obstacle information in WM.
DISCUSSION
This report describes the neural correlates of WM-guided
obstacle locomotion in the PPC of the cat. Multiple combinations
of phase- and obstacle-dependent modulation demonstrates
the ability of parietal area 5 to signal when the animal is walking
or standing, when the animal is stepping over an obstacle, or
when the animal is standing over the obstacle if clearance is delayed. Distinct subsets of neurons exhibited sustained or phasic
delay period modulation associated with WM maintenance or
information encoding and movement planning, respectively. At
the population level, obstacle information was only reliably
discernable from neural activity across approach and continuation phases. However, neurons exhibiting sustained delay period
modulation represent a specialized subset of area 5 neurons
capable of maintaining stable representations of obstacle infor76 Current Biology 29, 70–80, January 7, 2019

mation in WM. As previous work demonstrated WM deficits
precluding successful avoidance when a comparable region of
area 5 was deactivated [9, 10, 28], neurons capable of stable
WM maintenance are most likely necessary for such behaviors.
Parietal Area 5 Contributes to Complex Locomotion
This study extends upon previous work demonstrating the role of
the PPC in complex locomotion. Area 5 activity is modulated as a
cat steps along the rungs of a horizontal ladder, walks along a narrow path, or clears an obstacle [29]. During treadmill locomotion,
area 5 activity is modulated two to three steps prior to the leading
step over an obstacle moving toward an animal at a speed
different from that of the treadmill [27, 30]. Furthermore, work
from Lajoie et al. [27] represents the first and only other study to
examine neural activity during WM-guided obstacle locomotion.
Our identification of neurons demonstrating modulated activity
selectively throughout FH or HH delays complements their
identification of a possible WM correlate for obstacle-related
information maintained within area 5. Additionally, the present
work examining phasic delay activity, neural activity related to
stepping, contributions to tactile obstacle memory, and population level discriminability and dynamicism represent novel efforts
to further our understanding of this obstacle WM system.
Within the recorded population, a total of 38% of neurons
demonstrated obstacle-modulated activity during the early(14%), late- (12%), or whole (12%)-delay period. As the same
stance was maintained during both OP and OA delays,

Figure 7. Population and Subpopulation
Level Discriminability and Dynamicism
(A) For all recorded units, discriminability plots
across (i) approach-delay epochs and (ii) delaycontinuation epochs depict the ability of the recorded population to reliably discern between
obstacle-present and obstacle-absent trials during
approach and continuation phases. Blue horizontal
bars indicate periods of significantly elevated discriminability. (iii and iv) Color-coded plots depict
discriminability across the two epochs, measured as
the correlation of differences between neural activity
in obstacle-present and obstacle-absent conditions
between all combinations of time points. Green
outlines indicate off-diagonal reduction, a measure
of dynamicism, which was significant during
approach and continuation phases only (see below).
(v and vi) Dynamicism plots depict the dynamicism
index across time for the two corresponding
epochs. Green horizontal bars indicate periods of
significant dynamicism.
(B) Similar discriminability and dynamicism plots for
units with modulated activity sustained throughout
the delay. Note the robust discriminability maintained across all three test phases and lack of significant dynamicism or stable information coding
during the delay period.

modulated delay activity may represent the retention of information about the obstacle that is no longer visible to the animal.
Neurons from each of these subgroups were recorded in equal
proportions from electrodes of each length, suggesting that
WM-related cells may be evenly distributed across superficial
and deep cortical layers of cat area 5. However, this lack of
laminar specificity contrasts with previous work demonstrating
WM-related activity restricted to superficial layers of macaque
prefrontal and premotor areas [31, 32]. These differences in
laminar organization may arise from brain-region- or speciesdependent factors. Such laminar specific functions of WM gating
and encoding attributed to deep and superficial cortical layers,
respectively, may permit the more complex, cognitive WM tasks
often examined in primates. Interestingly, obstacle-modulated responses demonstrated in superficial layers in the present work
also contrast previous work demonstrating low activity from layer
III of cat area 5 during locomotion (I.N. Beloozerova et al., 2011,
Soc. Neurosci., abstract). However, the WM component of the
task observed in the present work may underlie this discrepancy.
Note that any inferences about laminar-specific responses in
the present work should be met with hesitation. We acknowledge the limitations of using the length of the electrode from
which a neuron was recorded as a proxy for the cortical layer
in which the neuron resides. Unintended and or unavoidable
variations in the angle or depth of array insertion preclude a
direct or consistent correspondence between electrode length
and recording depth. Future recordings in conjunction with a
multi-laminar probe to enable current source density analysis
may provide further insight into the laminar organization of WM
circuitry in the cat.
Step-Related Representations in WM
Within the recorded population, neurons demonstrating delay
activity related to step height signal the difference in foreleg

and or hindleg stepping in OP versus OA trials. Such responses
to elevated foreleg stepping prior to the delay can be afforded by
proprioceptive inputs relayed to area 5 via projections from primary sensory areas [33–35]. Conversely, step-related responses
may be facilitated by neural representations of motor commands, known as efference copies [36], that predict and prime
the system for sensory consequences of the signaled movement
[37]. Projections from motor cortical areas to parietal regions
[38, 39] may facilitate this relay of efference motor information
for elevated foreleg and hindleg stepping. Alternatively, given
the diverse sensory and motor inputs to area 5, it is also possible
that foreleg step-related delay period modulation may originate
from both proprioceptive inputs and motor efference copies.
For example, area 5 neurons that respond to passive joint manipulation are even more responsive during active movements,
demonstrating an integration of both sensory and motor inputs
[40]. Correspondingly, previous work has demonstrated that, in
comparison to trials where the animal is delayed just before
the forelegs have stepped over an obstacle, obstacle memory
is more robust when the animal is delayed after foreleg clearance
[10, 41]. These studies suggest that efference copies of motor
commands for elevated foreleg stepping, the resulting proprioceptive feedback, or both are important for WM-guided obstacle
locomotion.
As such, delay period modulation related to foreleg obstacle
clearance, especially during the early delay, may encode this information into WM in order to guide the hindlegs over the same
obstacle following the delay. Similarly, in previous WM studies,
early delay period modulation has been attributed to the encoding of task-relevant information in macaque prefrontal neurons
[14, 15, 25, 26]. In addition to such ‘‘sensory-coupled cue cells,’’
previous studies also describe a separate group of ‘‘preparatory
set cells,’’ which increase their activity throughout a WM
delay [26]. This late-delay modulation is often attuned to the
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WM-guided action following the delay, such as the direction of a
saccade [42] or manual response [25], and can be exhibited as a
‘‘ramping’’ of neural activity toward the end of a fixed delay [43].
Notably, as only 12% of neurons demonstrated such activity, this
limited proportion of late delay period modulation is most likely
due to the variability in delay periods assessed to allow for the
examination of more naturalistic obstacle locomotor behaviors.
However, animals may have been able to anticipate the end of
the delay with reasonable accuracy, as the majority of OP and
OA trials were between 3 and 5 s (30% of OP trials and 31% of
OA trials, respectively; see Figure S3). A greater proportion of
neurons demonstrating late delay period modulation may be expected if this task was overtrained with a fixed delay period,
although this remains to be further assessed.
Nonetheless, 48% of late-delay modulation observed in the
present study was correlated with lead hindleg step height
following the delay. Interestingly, 45% of late-delay modulation
was also correlated with lead foreleg height. Thus, information
about leading foreleg steps may be recalled toward the end of
the delay in order to plan subsequent hindleg stepping. Such
modulation within area 5 neurons in supragranular layers may
be relayed via its profuse projections to motor cortex [44–46]
to modulate movement commands for stepping. Alternatively,
neurons recorded in infragranular layers may relay step-related
information to the cerebellum, which has also been implicated
in visually guided movements [47–49], including obstacle
locomotion [50].
Note that, in the present study, delay activity was assessed
across all trials, regardless of whether the ipsilateral or contralateral foreleg led clearance. Although such amalgamation of trials
may have obscured any limb-dependent modulation, higher-order representations related to the obstacle within cat PPC most
likely lack such limb-specific responses. Although evaluations of
delay activity for WM-guided reaching movements in human [51]
and non-human primate [52] parietal areas have demonstrated
limb-dependent modulation, the arm to be used for reaching
was specified by the experimenter in these studies prior to target
presentation. For obstacle negotiation evaluated in the present
study, as well as in naturalistic environments, the leading limb
was not predetermined and varied between trials. Additionally,
foreleg clearance prior to the start of the delay ultimately involves
both of the forelimbs. Accordingly, obstacle-related activity
of PPC neurons is typically aligned to leading steps over an
obstacle, regardless of whether the leading limb is ipsilateral or
contralateral to the recording site [27, 30, 53]. Therefore,
although the present analyses may have overlooked limbdependent effects, such methods were used to assess delay
period activity in a manner relevant to the animal, brain regions,
and task examined.

ning. For example, if a predator or threat is suddenly detected
and the animal no longer wants to continue walking forward, a
predetermined plan for hindleg clearance becomes obsolete.
Instead, obstacle-related activity within area 5 may allow the
forelegs to step back over the remembered obstacle, allowing
the animal to change its course of direction while still negotiating
the obstacle successfully.

Obstacle-Related Representations in WM
The majority of delay period modulation was not correlated with
step height of any of the legs, demonstrating a lack of motor
specificity. Such delay period modulation may instead reflect
the ability of neurons to estimate the relationship between the
obstacle and the animal, signaling the time or distance to contact
during continuous locomotion [53]. Such information would also
be critical if locomotion is interrupted delaying obstacle clearance and may advantageously permit more flexible motor plan-

Detailed methods are provided in the online version of this paper
and include the following:
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Sensory-Specific and Non-specific Modulation in
Parietal Area 5
Only a small proportion of neurons responded similarly to the
presence of the obstacle, regardless of whether the animal
selectively saw or felt the obstacle during approach. In contrast,
most neurons demonstrated sensory-specific modulation, with
89% of delay-modulated units demonstrating differential activity
for VOP versus OA conditions. Although area 5 was primarily
driven by visual obstacle information, 41% of neurons also responded to tactile obstacle information. Although the percentage of these sensory-specific responses was stable across the
delay, the percentage of sensory-differentiating responses was
attenuated. Similarly, in a previous WM study examining prefrontal neural modulation, the proportion of neurons demonstrating
delay activity differentially modulated by a visual versus tactile
remembered stimulus was attenuated from 69% to 2% of cells
from the early- to late-delay period [26]. Although the attenuation
in PPC neurons observed in the present study was markedly
less, this reduced sensory differentiation reflects the minimal
need to remember whether the animal first saw or felt the
obstacle late in the delay. Instead, late-delay activity that differentiates simply between whether an obstacle is present or absent is sufficient and important for ensuring subsequent hindleg
clearance.
Conclusions
Overall, WM-guided obstacle locomotion revealed dynamic
patterns of delay period modulation in parietal area 5. Early
delay period modulation may represent WM encoding of visual
or tactile information about the obstacle or information about
foreleg stepping adequate for clearance. As the delay progresses, the sensory specificity of obstacle-related modulation
is attenuated. Information about the obstacle or prior foreleg
stepping may be recalled later in the delay in order to guide hindleg stepping over the same obstacle. Neurons demonstrating
sustained obstacle modulation maintain stable representations
of obstacle-related information throughout the delay and may
be important for bridging these phasic responses to ensure successful WM-guided obstacle locomotion.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
WM-guided obstacle locomotion was examined in two mature (> 6M) female cats (Liberty Labs, NY). The animals were group housed
with 6-10 other cats in the Psychology Animal Facility at the University of Western Ontario in an enriched environment (12-hour light
cycle) with water provided ad libitum. In addition to the soft cat food provided during testing sessions, dry kibble was provided ad
libitum for at least 1 hr at the conclusion of each day. Animal health was monitored daily by a veterinary technician and weekly by
a veterinarian. All procedures were conducted in compliance with the National Research Council’s Guide for the Care and Use of
Laboratory Animals [54] and the Canadian Council on Animal Care’s Guide to the Care and Use of Experimental Animals [55] and
were approved by the University of Western Ontario Animal Use Subcommittee of the University Council on Animal Care.
METHOD DETAILS
Behavioral paradigm
Obstacle WM was assessed by comparing obstructed (OP) with unobstructed (OA) locomotion using the same apparatus described
previously [8–10]. In OP trials, each animal approached and stepped over a 25.8 cm wide x 8.7 cm high x 3 mm thick obstacle raised
onto the surface of the walkway (Figure 1A). Forward locomotion was delayed following foreleg clearance, such that the obstacle was
straddled between the forelegs and hindlegs during the delay (foreleg-hindleg (FH) trials). Alternatively, forward locomotion could be
delayed after the forelegs and one of the hindlegs had stepped over the obstacle such that the obstacle was straddled between the
two hindlegs during the delay (hindleg-hindleg (HH) trials; Figure 5A). To assess obstacle WM in a visually independent manner, a
tactile variation of obstacle present (TOP) trials was also examined [10]. In this condition, each animal would approach food placed
on an elevated plate in the absence of the obstacle (lowered; Figure 6A). As the animal ate, the obstacle would be covertly raised onto
the walkway directly beneath the food plate to prevent any visual input of the obstacle. The food was then moved forward to
encourage the animal to resume locomotion, resulting in the forelegs contacting the unexpected obstacle before stepping over it.
Forward locomotion was then delayed in a similar manner to foreleg-hindleg trials, with the obstacle in between the forelegs and hindlegs beneath the body. For all three OP variations, the start of the delay was defined as the time at which a stationary stance was
assumed following trailing foreleg clearance. The approach phase therefore encompassed the step cycle during the second prior
to the start of the delay. During the subsequent delay phase, the obstacle was covertly lowered to become flush with the walkway
during the delay to prevent any further visual or tactile inputs. Locomotion was resumed at the end of the delay by moving the food
forward. In unobstructed trials, locomotion was similarly delayed with the lowered (absent) obstacle. All trials were digitally recorded
at 50 frames/s for subsequent frame by frame analyses to denote start and end frames for each delay period and step. Each recording
session consisted of at least 10 OP trials, and 10 OA trials. When HH testing was conducted, a minimum of 10 of these trials were
completed. Given the propensity for animals to develop a learned avoidance response to repeated foreleg obstacle contact [41],
TOP trials were completed no more than 5 times throughout a single recording session. Thus the subset of units included in the
TOP analysis was dependent on unit stability (see below) to ensure that a minimum of 10 TOP trials were included in the statistical
analyses.
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Microelectrode arrays and implantation
Under general anesthesia, a 32 electrode floating microelectrode array (FMA; MicroProbes for Life Science, Gaithersburg, MD) was
implanted in parietal area 5 of each hemisphere, at the junction of the ansate and lateral sulci, to mimic placement of cryoloops in
previous studies [9, 10]. Each animal was anesthetized using sodium pentobarbital (25 mg/kg to effect i.v.) or alfaxan (4-6 mg/kg
to effect i.v.) and intubated. A craniotomy was made over each hemisphere between coordinates A15-A25 and L2-L14 [56]. Bone
screws were placed around each craniotomy to anchor dental acrylic. For each craniotomy, the dura was cut and reflected to better
visualize parietal area 5 in order to plan the placement of each array and its connector. To place the array, the wax coating protecting
the electrodes was first removed with warm saline. A vacuum inserter tool (MicroProbes) attached to a stereotaxic surgical arm held
the array while the connector was held by the experimenter. The stereotaxic arm was used to slowly lower the array into the cortex,
with brief waiting periods in between small increments to circumvent cortical dimpling. Once the ceramic substrate of the array
contacted the cortical surface, the array was held in place with blunt forceps before disabling the vacuum. Using dental acrylic,
the array wire was anchored to a nearby point on the skull ensuring sufficient slack between the array and anchor point, before
anchoring the connector. The dura was then replaced and the craniotomy was covered in Gelfoam before closing with dental acrylic.
The contralateral array was then implanted using similar procedures. Each animal was provided with standard postoperative care
and experienced an uneventful recovery.
Each array had an interelectrode distance of 400 mm, impedance of about 0.5 MU, and electrode lengths that varied between
0.9-1.5 mm. During each recording session, neural signals from the array were passed through a ZIF-clip headstage (ZC32;
Tucker-Davis Technologies, Alachua, FL), filtered from 0.1 to 10,000 Hz, amplified (x10,000), digitized at 25kHz (RZ5; Tucker-Davis
Technologies), and saved to disk for offline analysis.
Spike sorting
Spike activity was detected offline by first isolating spiking activity with an acausal filter between 700 and 7000 Hz. The common
average reference was then computed and subtracted from all electrode channels [57]. A threshold set at 4 times the standard
deviation of the filtered signal using 10 s chunks of data was applied for spike detection [58]. Spike waveforms were then aligned
by their largest peak, and extracted with their timestamps. For each electrode channel, waveforms were then de-noised and sorted
in Offline Sorter (Plexon, Dallas TX) using T-Distribution Expectation Maximization. Waveforms and timestamps of isolated units were
then exported for subsequent analyses.
Determining unit stability across recording sessions
Unit stability was assessed in a manner similar to Richardson et al. [59]. The stability analysis ensured that a stable unit that was
recorded on multiple days was not included as separate units in the total recording population. For each isolated unit within a
recording session, three attributes were used to assess between-session stability: the mean spike waveform (MSW), interspike
interval histogram (ISIH) [60, 61], and perievent spike rate (PESR). The ISIH was constructed using 100 bins uniformly spaced on
a logarithmic scale from 0.1 ms to 10 s. The PESR was constructed as the spike rate in 50 ms bins across three perievent windows
( 1.0 to 0 s to delay onset (approach), 0 to 1.0 s following delay onset (delay), and 0 to 1.0 s following delay end (continuation))
concatenated together and averaged over OP trials completed within each session.
Next, the similarity between attributes for each pair of units across all channels and sessions was examined. To compare the
similarity of MSWs, Pearson’s correlation coefficient (CC) was computed for each pair. To compare the similarity of ISIHs, the Kolmogorov-Smirnov (KS) statistic was computed for each pair. Pearson’s correlation coefficient was also computed to compare the similarity of PESRs. For each of the three attributes, the similarity statistics were compiled for all pairs of units recorded on different channels. Since the same unit could not be recorded on multiple channels given the interelectrode distance of 400 mm, the similarity
statistics of paired units from different channels comprised the ‘‘true negative’’ populations. To determine whether a pair of units recorded on the same channel was the same unit, the proportion of the ‘‘true negative’’ population of MSW CCs that was greater than
that of the MSW CC of the given pair was determined. Similarly, the proportion of the ‘‘true negative’’ population of PESR CCs that was
greater than that of the pair was determined. Additionally, the proportion of the ‘‘true negative’’ population of ISIH KSs that was less
than the given pair was determined. The probability of unit stability for the pair (P) was computed as the product between these three
proportions. Significant pairings (p < 0.001) were grouped to determine the total number of days for which a stable unit was present to
ensure that trials from the appropriate days were included in subsequent analyses. A total of 810 units were recorded over a period of
2 months: of the 396 units recorded from Cat 1, 204 units were recorded from the left hemisphere; of the 414 units recorded from Cat
2, 254 were in the left hemisphere. An example of a unit deemed stable for 5 days from these analyses is depicted in Figure S4. Note the
similarities in the three attributes, MSW, ISIH, and PESR across all 5 days (Figures S4A–S4C). Additionally, note the similarities in raster
plots and histograms of unit activity aligned to delay starts of FH trials recorded on days 2 and 3 (Figures S4D and S4G). Likewise,
the similarities between raster plots and histograms of HH delay aligned activity from days 2 and 3 (Figures S4E and S4H), and the
similarities between OA plots from days 2 and 3 (Figures S4F and S4I) demonstrate the effectiveness of the unit stability analyses.
QUANTIFICATION AND STATISTICAL ANALYSIS
For each isolated unit, mean firing rates were first compared between OP and OA trials during the approach, delay, and continuation
phases of each trial with a two-way ANOVA to assess possible effects of obstacle condition (present or absent) and trial phase
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(approach, delay, continuation). If a significant interaction effect was detected, firing rates were subsequently compared between
obstacle conditions with an unpaired t test for each of the three phases. Given the three comparisons between obstacle conditions
during approach, delay, and continuation, statistical significance was accepted at a Bonferroni corrected p value of 0.0167. For units
that demonstrated obstacle-modulated activity during the delay, Pearson’s correlation coefficient was computed to assess the relationship between delay period activity and step height of the leading and trailing forelegs preceding the delay, and the leading and
trailing hindlegs following the delay. As the majority of posterior parietal neurons are modulated in relation to leading steps over an
obstacle, regardless of whether the lead limb is ipsilateral or contralateral to the recording site [27, 30, 53], the analyses used in the
present study examined trials where the leading limb could be ipsilateral or contralateral to the recording array.
Additionally, to assess phasic WM-related delay activity, spike rates during the first and last second of the delay for trials with
delays of 2 s or more were compared between obstacle conditions using unpaired t tests. For obstacle-modulated units during early
or late delay periods, the relationship between early or late delay period activity, respectively, and step height was similarly assessed
by computing Pearson’s correlation coefficient.
To assess the specificity of obstacle modulation, unit activity was subsequently compared between FH, HH, and OA trials. A twoway ANOVA was used to assess possible effects of obstacle condition (FH, HH, OA) and trial phase (approach, delay, continuation)
on the activity of each unit. Delay period modulation was further examined for units demonstrating significant interaction effects by
comparing firing rates between obstacle conditions with a one-way univariate ANOVA. The relationship between delay period activity, respectively, and step height was assessed by computing Pearson’s correlation coefficient for units demonstrating modulated
delay period activity. Additionally, to assess the visual dependency of obstacle modulation, early, late, and whole delay period activity
was similarly compared between VOP, TOP, and OA trials.
Finally, to examine population level activity, discriminability and dynamicism were assessed with methods similar to Spaak et al.
[23]. Briefly, all OP (FH) trials and OA trials were randomly assigned to one of two independent splits. Within each split, the difference
between mean firing rates for OP and OA conditions was computed for each neuron. The correlation between these differences between the two splits for all neurons provides a measure of the ability of the recording population to discriminate between OP and OA
trials. Discriminability was assessed across two hundred time points comprising the second before and after delay starts or delay
ends, constituting the approach-delay and delay-continuation epochs, respectively. Significance was assessed using permutation
tests where OP and OA trial designations were randomly shuffled 1000 times. Additionally, to assess the dynamicism or stability in
obstacle information coding, the difference in mean firing rates at one time point was correlated to differences at every other time
point, resulting in a 200 3 200 matrix for each epoch. While highly correlated differences across all time points between splits
indicates stable working memory coding, poorly correlated differences across all time points indicates optimal discriminability
only between neighboring time points, and therefore, dynamic working memory coding. Thus, dynamicism was indicated by significant off-diagonal reduction from on-diagonal values. Significance was assessed using permutation tests where off- and on-diagonal
values were randomly shuffled 1000 times. For detailed methodology and formulas, please refer to Spaak et al. [23].
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